We study how the location of synaptic input influences the stablex firing states in coupled model neurons bursting rhythmically at the gamma frequencies . The model neuron consists of two compartments and generates one, two, three or four spikes in each burst depending on the intensity of input current and the maximum conductance of M-type potassium current. If the somata are connected by reciprocal excitatory synapses, we find strong correlations between the changes in the bursting mode and those in the stable phase-locked states of the coupled neurons. The stability of the in-phase phase-locked state (synchronously firing state) tends to change when the individual neurons change their bursting patterns. If, however, the synaptic connections are terminated on the dendritic compartments, no such correlated changes occur. In this case, the coupled bursting neurons do not show the in-phase phase-locked state in any bursting mode. These results indicate that synchronization behaviour of bursting neurons significantly depends on the synaptic location, unlike a coupled system of regular spiking neurons.
Introduction
Oscillatory synchronization of cortical neurons in the gamma-frequency range is considered to play significant cognitive roles Singer 1989, Tallon-Baudry et al 1997) . Several cortical mechanisms have been proposed for the cortical gamma oscillations (Jefferys et al 1996) . For instance, a network of interneurons that are mutually connected by GABAergic synapses and electric gap junctions can exhibit synchronous spiking at the gamma frequencies (Whittington et al 1995 , Steriade et al 1998 , White et al 2000 , Traub et al 2001 , Nomura et al 2003 . The so-called chattering neuron, a class of pyramidal cells, exhibits repetitive bursts of spikes at these bursting frequencies (i.e. inverse of interburst intervals) in response to a depolarizing step current (Gray and McCormick 1996) . Hence networks of chattering neurons are likely candidates for the cortical pacemakers of the gamma-band synchronous oscillatory activity.
Two different types of model have been proposed for the bursting behaviours of chattering neurons based on either a repetitive activation of the calcium-dependent non-selective cationic current (Aoyagi et al 2002) or the electrotonic interactions between soma and dendrites (Wang 1999 , Doiron et al 2002 , Traub et al 2003 . While the former model generates bursts essentially in a single compartment, the latter model requires at least one active dendritic compartment in generating the gamma-frequency bursts. Both types of neuron model have several bursting modes that display different numbers of spikes per burst (typically, single spikes, doublets and triplets of spikes). In a previous study, Aoyagi et al (2003) have shown that networks of the former chattering neuron model exhibit sharp exchanges of in-phase and anti-phase phase-locked states at the boundaries between different bursting modes. The results are of physiological interest, as they suggest that the coherence of activity may be strongly modulated by changing the bursting modes of chattering neurons in the local cortical networks. For example, acetylcholine or muscarine may enhance the Ca 2+ -dependent non-selective cationic current to induce more spikes per burst in the Ca 2+ -dependent mechanism (Fisahn et al 2002) . In the present study, we investigate whether similar correlations between the exchanges in the network-level synchronization and the changes in the single-cell bursting patterns can be seen in the so-called ping-pong mechanism. To this end, we introduce reciprocal excitatory synaptic connections on the somatic compartments in a pair of the chattering neuron models proposed by Wang (1999) (see figure 1(a) ). Then, similar reciprocal connections are made on the dendritic compartments to see whether the synchronization behaviours are influenced by the synaptic location (see figure 1(b) ). From the cortical neuroanatomy, this wiring pattern is more realistic than the previous one. If the synaptic connections terminate on the somatic compartments, we can find the correlated changes of the bursting mode and the stable phaselocked firing state. In contrast, when the synaptic contacts are on the dendrites, the coupled systems are shown to exhibit no such strongly correlated changes.
In coupled systems of a model neuron showing a regular spiking pattern, stable phase locking depended modestly on the synaptic location (Crook et al 1997 (Crook et al , 1998 . By contrast, in the present coupled neurons displaying burst firing, stable phase locking can be significantly influenced by the synaptic location.
Methods
As illustrated in figure 1, we consider two different spatial patterns of the synaptic contact: (1) synapses are located on the somata of postsynaptic neurons; (2) synapses are located on the dendrites of postsynaptic neurons. To analyse the influences of the synaptic location on the synchronization properties of two coupled neurons, we use the so-called phase reduction technique and calculate the phase difference in the stable phase-locked states of the reduced systems. Then, to justify the results of the reduced models, the original models of coupled neurons are numerically simulated for various couplings.
Chattering neuron model
The equations and the parameter values for the chattering neuron model used here are given in the appendix. We briefly review the essential part of this model here. As shown in figure 1, each chattering neuron is composed of two compartments: a soma and a dendrite. The two compartments are coupled through an electrotonic diffusion with the axial resistance R c = 15 M . The areas of the somatic compartment and the dendritic compartment are A soma = 4950 µm 2 and A dend = 28 050 µm 2 , respectively. Therefore, the total membrane surface area is 33 000 µm 2 ( A soma (somatic area): A dend (dendritic area) = 15:85). The membrane potentials of soma, V soma , and dendrite, V dend , obey the following currentbalance equations:
where the membrane capacitance is set as C m = 1 µF cm −2 , and I leak is the membrane leak current.
In this model, the somatic compartment contains three types of ionic currents: a fast sodium current I Na , a delayed rectifier potassium current I K and an M-type potassium current I M . The dendritic compartment contains four types of ionic currents: a persistent sodium current I NaP , a slowly inactivating potassium current I KS , a high-threshold calcium current I Ca and a slow calcium-dependent potassium current I KCa . When an action potential is generated in the somatic compartment, the dendritic membrane potential V dend is also depolarized in a short delay. This delayed depolarization decays slowly owing to the presence of the persistent sodium current. Consequently, re-depolarization of the somatic membrane potential V soma appears through the soma-dendrite electrotonic interaction (ping-pong mechanism), leading to the generation of additional bursting spikes. The number of spikes per burst can be controlled by the maximum conductance of the M-type potassium current g M .
Synaptic current and external input
We analyse the case where two neurons are coupled reciprocally via the AMPA receptormediated excitatory synapses. The synaptic current is given by
where the subscript x denotes the compartment (x = soma or dendrite). The time course of synaptic gating variables is described by a double-exponential function α(t) = (Rall 1967) , where E AMPA = 0 mV. Typically, the parameter values are set as τ 1 = 0.2, τ 2 = 5.0 and τ delay = 2.0 (ms). We also examine how the temporal profile of synaptic potentials influences the network behaviour by changing the parameter values. In simulations of coupled neuron pairs, the maximum conductance of synapses is set as g syn < 10.0 nS so that the bursting patterns of the coupled neurons may not significantly be disturbed by synaptic inputs.
Each neuron is activated by an external input current I input . Since this current is mediated by the AMPA glutamate receptors, we adopt the following equation:
where g input represents the summed effective synaptic conductance. In reality, the effective conductance may be modulated by inputs from external sources in a stochastic manner. For a large number of synaptic inputs, the conductance can be regarded as a constant parameter (Tiesinga et al 2000) . Unless otherwise stated, we set g input = 0.19 mS cm −2 to evoke single spikes or bursts at a frequency of about 40 Hz.
Phase reduction technique
It is well known that a network of oscillatory units can be reduced to a simpler system of phase oscillators, if each unit exhibits a limit cycle behaviour and the interaction between the units is weak (Kuramoto 1984) . Applying the phase reduction approach, we can study the synchronization behaviour of coupled bursting neurons analytically. The reduced phase equations take the following general form:
where ω is an intrinsic firing frequency of an uncoupled neuron. The dynamics of the i th neuron can be described by the phase variable φ i representing the times of periodic spiking. The effective interaction functions are given as
for the soma and dendrite (x = soma or dend). T is the period of the repetitive firing state of uncoupled neurons. The function Z V x is the voltage component of the phase response function describing how an external perturbation advances or delays the phase in the reduced system (Vreeswijk and Abbott 1994 , Hansel et al 1995 , Ermentrout 1996 . Noting that the interaction function in equation (5) depends only on the phase difference φ = φ 2 − φ 1 , we can rewrite the phase dynamics given in equation (5) as
in terms of odd (φ) = (φ) − (−φ). Any phase-locking mode of this system corresponds to a solution to the equation odd ( φ) = 0. There are always two obvious solutions, i.e. φ = 0 and φ = π, which represent an in-phase phase-locked state and an anti-phase phaselocked state, respectively. The stability of these solutions can be determined by the condition
Figure 2. The phase-locked states of the reduced phase oscillator systems and the coupled neuron systems. In all the cases, the maximum conductance of M-type potassium current is set as g M = 1.08 mS cm −2 for singlet spiking and 1.05 mS cm −2 for doublet firing. (a) The interaction function odd for the somatic synaptic contact ( figure 1(a) ). In singlet spiking, a unique stable phase lag is given as φ ≈ 2π/3 (solid curve, A). Note that this state is equivalent to another stable state with φ ≈ 4π/3. In doublet firing (dashed curve, B), a synchronously firing solution is stable. 
Results

Phase oscillator analysis and simulation results
In figure 2(a), the interaction functions odd are derived for the somatic synaptic contact as illustrated in figure 1(a). We have assumed that synaptic connections are symmetric and external inputs to the neurons are identical. When the neurons generate periodic single spikes (g M = 1.08 mS cm −2 ), the interaction function has a stable phase-locked state at φ ≈ 2π/3, and both in-phase and anti-phase states are unstable (figure 2(a)A). A slight decrease in the maximum conductance of the M-type potassium current (g M = 1.05 mS cm −2 ) changes the neuronal activity from singlet spiking to doublet firing, in which two spikes are elicited in each burst. Correspondingly, the interaction function changes its form dramatically ( figure 2(a)B) . The in-phase phase-locked state becomes stable, whereas the stable phase-locked state in the singlet spiking mode has disappeared. A similar exchange of stable phase differences was also found in networks of the chattering neuron modelled with non-selective calcium-activated cation current (Aoyagi et al 2003) .
In figure 2(b), synaptic connections are located on the dendrites of postsynaptic neurons ( figure 1(b) ). In this case, a switch from singlet to doublet firing is not accompanied by qualitative changes in stability. Neither in-phase nor anti-phase phase-locked states are stable in both singlet and doublet firing modes. A unique stable phase difference has been shifted from π/4 to π/2.
To confirm the results obtained by the reduced systems, the original coupled systems are studied by numerical simulations. Figure 2(c) shows the time course of the membrane potentials of the coupled neurons. The synaptic conductance is set as g syn = 5 nS and other parameters take the same values as those in figures 2(a) and (b). If the synaptic contact is made on the somata, the singlet spikes evoked from the two neurons display a finite phase lag (A), whereas the doublet firing is synchronous (B). Figures 2(c) C-D show typical spiking behaviours for the synaptic terminals located on the dendrites. In contrast to the case of somatic synaptic contact, we find that the neurons display a finite phase lag in both singlet spiking and doublet firing. The simulation results are consistent with those of the phase reduction technique at this connection strength. If g syn is larger than 5 nS, the two neurons show no stationary phase lag.
We have found that the present two-compartment model neuron exhibits a longer transient period from a stimulus onset to stationary oscillations than the single-compartment model with Ca 2+ -activated cationic current. A stable phase lag can appear only in stationary limit cycle behaviour. Therefore, the present networks require longer transient times than networks of the single-compartment model neuron for evolving into stable phase-locked states. The transient time typically ranged from 500 ms to a few seconds in the present model.
Phase differences of coupled neurons
As the value of g M is decreased, the neurons show triplet firing or even higher bursting modes. By calculating the function odd , we can investigate how the synchronization behaviour is changed by varying the parameter value. In figure 3(a) , we show the equilibrium phase differences as a function of g M in the case of the somatic synaptic contact. As demonstrated previously, the stable phase difference abruptly vanishes when the neuronal activity changes from singlet to doublet firing. Near the doublet-triplet boundary, the phase differences show bistable properties in both doublet and triplet firing modes. It can be said, however, that the transition to the higher bursting mode reduces the stable phase difference. In contrast, only an anti-phase phase-locked oscillation is stable in quadruplet firing.
When the neuron pair is coupled by the dendritic synapses, we find no significant qualitative changes in the equilibrium phase lag at the boundaries between different bursting modes ( figure 3(b) ). The in-phase phase-locked state is stable near the boundary between triplet and quadruplet firing (at g M ≈ 0.5 mS cm −2 ), but the parameter region for stable in-phase phase-locking is very narrow. Therefore, we may conclude that the dendritic synaptic connections give rise to no significant correlations between the bursting mode and the synchronization behaviour.
In figures 3(c)-(e), we investigate the stability of the equilibrium phase-locking states varying the values of the two parameters, g M and g input . The phase reduction method is used for the analysis. The input conductance g input changes the intensity of the applied current into the dendrite and modifies the bursting frequency, which ranged from 30 to 45 Hz (0.17 < g input < 0.2) in the analysis. The relationship between the bursting mode and the parameter values is shown in figure 3(c) . In figure 3(d) , the in-phase phase-locked state is unstable in the light-grey-coloured regions and is stable in the black-coloured regions for the Only the in-phase phase-locked state is stable in the black-coloured regions, while the same state is unstable in the light-grey regions. In the medium-grey regions, the system is bistable: stable phase locking appears with either vanishing or finite phase lag. The stable phase lag changes dramatically with the change in the bursting mode, particularly at the singlet-doublet transition. (e) For the dendritic synaptic connections, no correlated change can be found between the bursting mode and the stable phase-locking state.
somatic synaptic contact. As in previous similar cases, the stability of the in-phase phaselocked state co-varies with the bursting mode in the present frequency range. By contrast, if the synaptic connections are located on the dendrites, such correlated changes are hardly seen except for a narrow region between triplet and quadruplet firing ( figure 3(e) ). Thus, we may conclude that the bursting mode influences only weakly the stable phase locking induced by dendritic synaptic transmissions.
Robustness of the phase-locking behaviour
The phase-locking behaviour of neuronal oscillators is in general influenced by many factors. First, we show how the time course of synaptic current influences the phase-locking behaviour in the present neuronal system. In figure 4 , the interaction function is shown for a synaptic decay time constant shorter ((a), (b)) or longer ((c), (d)) than the previous value. For the shorter decay constant, the interaction function has profiles similar to those presented in figure 2,except for doublet firing with the dendritic synaptic contact. Therefore, for the somatic synaptic contact, the system shows correlated changes in the burst mode and stable phase locking, as demonstrated previously. For the dendritic synaptic contact, both vanishing and finite phase lags can be stabilized in doublet firing. However, this in-phase phase-locked state is weakly stable and can easily be disturbed by possible biological noise (see figure 4(b) ). So, the phaselocking behaviour is unlikely to be influenced by the bursting mode changes, as in the previous cases of the dendritic synaptic contact.
In the case of the longer synaptic decay constant, a qualitative change seems to appear in the doublet firing with the dendritic synaptic contact ( figure 4(d) ), i.e. now the anti-phase phase-locked state may enjoy weak stability. The stability of the in-phase phase-locked state, however, should display qualitatively the same dependence on the bursting mode as that shown previously (e.g. see figure 3(e) ).
Inhomogeneous input may also affect the robustness of the phase-locking behaviour. The effects of an inhomogeneous input on the dynamics of coupled neuronal oscillators have already been studied by several authors (White et al 1997 , Neltner et al 2000 . For an appropriate range of the synaptic coupling strength, the phase-locking behaviour has been proven to be robust against the disorders created by an inhomogeneous input. Here, we show examples of numerical simulations to demonstrate how the phase-locking behaviour is affected by an inhomogeneous input. In figure 5 , the values of g input are fixed at 0.190 and 0.188 mS cm −2 for the two neurons coupled by soma-soma synaptic connections. The difference in input strength gives rise to a difference of 1 Hz in the natural frequencies of the neurons. We find that the in-phase phase-locked state is quasi-stable (i.e. the phase lag slowly oscillates around zero with a small amplitude) in doublet firing, but not in singlet spiking. Similar results can be obtained as long as g syn is less than 10-15 nS. These results are consistent with those previously shown for the homogeneous input.
Discussion
In this study, we have shown that the location of synaptic contact significantly influences the synchronization behaviour of coupled bursting neurons. If the reciprocal connections are made between the somatic compartments, the stable phase-locking state changes between in-phase and anti-phase phase-locked states with the changes in the bursting mode of the individual neurons. On the other hand, if synaptic terminals are made on the dendrites, the bursting mode change influences only moderately the stable phase-locked states. Recent experimental studies reported some examples where neurons show different phase resetting curves in response to bursting and single spiking stimuli (Oprisan et al 2003) . The results of the present study encourage a direct measurement of the phase response curve of chattering neurons to clarify the stimulus-site-dependent neuronal responses to different stimuli.
It seems interesting to compare the present results with those of similar studies in coupled model neurons displaying regular spiking behaviour (Crook et al 1997 (Crook et al , 1998 . In these studies, stable phase-locked states in regular spiking behaviour were shown to depend modestly on the synaptic location: distant synaptic contact (and broad synaptic time courses) encouraged a small phase lag between two neurons. The results seem to be consistent with those obtained for singlet spiking in the present study (see the solid curves in figures 2(a) and (b)). On an active dendrite, however, the location of synaptic connections significantly affected the stability of in-phase and anti-phase phase-locking behaviours with single spikes (Crook et al 1997 (Crook et al , 1998 . In addition, integrate-and-fire neurons with dendritic cables displayed synapselocation-dependent stability changes between the two phase-locked states (Coombes and Lord 1997) , owing to different delays in the signal propagation along the dendrite.
In the cortical networks, the glutamate synaptic connections between pyramidal cells in general terminate on the dendrites, but not on the somata. The present results suggest that the chattering neurons, which are considered to play a crucial role in generating the coherent gamma-band cortical activity, may not fire synchronously in such a spatial configuration of synaptic contact. The present model of chattering neurons generate rhythmic bursts through the electrotonic interactions between the soma and the dendrite. Therefore, a synaptic input to the dendritic compartment may have significant influences on the 'ping-pong play' between the soma and dendrites. The interference between the bursting mechanism and the synaptic interactions may degrade the synchronization properties of the present coupled neurons. Such an interference is also expected in another bursting mechanism proposed recently (Doiron et al 2002) , as the heart of its burst generation is the electrotonic interactions between multiple compartments. It seems intriguing to investigate whether the synaptic location has significant influences on the network synchronization in quite different mechanisms of bursting, in particular in the Ca 2+ -dependent mechanism (Aoyagi et al 2002) . In the Ca 2+ -dependent chattering neuron model, repetitive bursting is generated in a single compartment by successive activations of the Ca 2+ -dependent non-selective cationic current (Kang et al 1998) and the Ca 2+ -dependent potassium current: the former current elicits an after-depolarization to produce multiple spikes per burst and the latter current induces an after-hyperpolarization between successive bursts, thus determining the bursting frequency. In our previous study (Aoyagi et al 2003) , it was shown that coupled systems of these neurons exhibit the correlated changes in the bursting mode and the synchronization pattern, as in the present model with the soma-soma synaptic contact. However, a rigorous comparison between the two models seems to be meaningful only after the Ca 2+ -dependent bursting neuron model is extended to have (at least) two compartments and synaptic connections are made on the dendritic compartments. In networks of the extended neuron model, the influences of synaptic location may be quite different from those shown in this study: bursts are essentially generated in the somata, so the interference between the bursting mechanism and the synaptic transmissions can be weak. These points must be clarified by further studies.
Appendix. Model
Spike-generating currents I Na = g Na m 3 h(V soma − E Na ), I K = g K n 4 (V soma − E K ) and an M-type potassium current I M = g M p(V − E K ) on soma are described by the Hodgkin-Huxley formalism (Hodgkin and Huxley 1952) A slowly inactivating potassium current I KS = g KS mn(V dend −E K ) on dendrite is described by the gating variables which obey the first-order kinetic dx/dt = τ ]. The parameter values used here are: g leak = 0.05 mS cm −2 , g Na = 45 mS cm −2 , g K = 18 mS cm −2 , g NaP = 0.14 mS cm −2 , g KS = 9 mS cm −2 , g Ca = 1 mS cm −2 , g KCa = 15 mS cm −2 , g M = variable (0.1-1.2) mS cm −2 , E leak = −50 mV, E Na = 55 mV, E K = −90 mV, E Ca = 120 mV.
